It has been proposed that glycolytic enzymes form multienzyme complexes for direct transfer of metabolites from the producing enzyme to the utilizing one. Reexamination of the supporting evidence, which involves the transfer of NADH between its complexes with glycerol-3-phosphate dehydrogenase (a-glycerol phosphate dehydrogenase, GPDH; EC 1.1.1.8) and with L-lactate dehydrogenase (LDH; EC 1.1.1.27), has shown that the supporting evidence is based on misinterpretation of the kinetics of ligand exchange [Chock, P. B. & Gutfreund, H. (1988) were conducted at 100C in 50 mM Hepes, pH 7.5/100 mM KCl/1 mM EDTA/1 mM 2-mercaptoethanol, using rabbit muscle GPDH and LDH. The results show that the kinetic patterns exhibited by the displacement of NADH-bound enzyme by either GPDH or LDH are consistent with a dissociative mechanism but not with a direct transfer mechanism. Theoretical analysis shows that a combined dissociative and direct transfer mechanism can explain the transient kinetic data reported by Srivastava et aL if, and only if, a majority (90o%) of the enzyme present in lower concentration exists as a complex with the second enzyme. However, data from tracer and traditional sedimentation equilibrium and from gel ifitration experiments show that LDH and GPDH do not form complexes in the presence of saturating NADH concentration when the enzyme concentrations are ranged between 4 and 50 ,uM, a concentration equal to or greater than that used by Srivastava et al. Our results demonstrate that GPDH and LDH do not form multienzyme complex and the transfer of NADH between these enzymes proceeds via a dissociative mechanism.
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We have described some kinetic studies (1) that resulted in the conclusion that NADH is transferred between its complexes with glycerol-3-phosphate dehydrogenase (a-glycerol phosphate dehydrogenase, GPDH; EC 1.1.1.8) and L-lactate dehydrogenase (LDH; EC 1.1.1.27) by free diffusion. Our study suggested that the conclusion reported by Srivastava and Bernhard (2) in support of direct transfer of NADH via enzyme-enzyme complexes (substrate channeling) was based on misinterpretation of the kinetics ofligand exchange. Srivastava et al. (3) then responded to our paper with a revision of their own and criticism of our data. Since several of the results and conclusions in their response contradict those of their previous paper and their criticism of our results suggests further misunderstanding of enzyme kinetics, we will attempt here to clarify the conclusion that substrate channeling does not make a significant contribution to the system under consideration. The mechanisms in question are as follows: (i) Dissociative mechanism (free diffusion) E1-NADH = E1 + NADH E2 + NADH E2-NADH [1] (ii) Direct-transfer mechanism (substrate channeling) E1-NADH + E2 = E1-NADH-E2 E2-NADH + E1, [2] where E1 and E2 represent either GPDH or LDH. Data from detailed kinetic and sedimentation equilibrium studies presented here are consistent with a dissociative mechanism. These findings will be discussed in conjunction with other reports on sequential reactions of the glycolytic pathway. They show that substrate channeling, as proposed by Srivastava and Bernhard (4) and others (3), does not take place in the glycolytic pathway.
MATERIALS AND METHODS Materials. Rabbit muscle GPDH (type I) and LDH (type II) and porcine heart LDH (type XVIII) were purchased from Sigma. They were desalted immediately prior to each series of experiments by centrifugation and Sephadex G-25 column methods. Enzyme concentrations were determined spectrophotometrically using extinction coefficients of E280 = 4.78 x 104 and 1.96 x 105 M-1-cm-1 for GPDH and LDH, respectively. The molecular mass of GPDH is 78 kDa and that of LDH is 140 kDa. The specific activities of rabbit muscle GPDH and LDH determined by monitoring the disappearance of NADH at 25°C are 220 + 20 units/mg with 2.5 mM dihydroxyacetone phosphate (DHAP) and 510 ± 40 units/mg with 1 mM pyruvate, respectively. For porcine heart LDH, the specific activity is 360 ± 30 units/mg. DHAP, pyruvate, NaN3, 2-mercaptoethanol, and fluorescein isothiocyanate (FITC) were from Sigma. NAD (grade I) and NADH were obtained from Boehringer Mannheim. Adenosine 5'-diphosphoribose (ADPR) was purchased from Sigma and United States Biochemical. Puress grade EDTA, enzyme grade Tris (Ultra Pure), and Hepes (Ultrol Grade) were from Fluka, Bethesda Research Laboratories, and Calbiochem, respectively. FITC-labeled LDH was prepared by incubating the protein (5-10 mg/ml) with FITC (0.5 mg/ml) for 20-30 min in the dark at room temperature. The labeled LDH was purified using a PD-10 (Pharmacia) column and its purity was confirmed chromatographically with a Zorbax G450 (DuAbbreviations: GPDH, glycerol-3-phosphate dehydrogenase; LDH, L-lactate dehydrogenase; DHAP, dihydroxyacetone phosphate; FITC, fluorescein isothiocyanate; ADPR, adenosine 5'-diphosphoribose; N, subunit concentration of LDH.
497
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Pont) column. The product contained 3 ± 0.5 mol of dye/mol of LDH and its activity was at least 90% of that of the fully active enzyme. All other chemicals used were analytical reagent grade. Unless specified otherwise, the buffer (pH 7.5) used contained 50 mM Hepes, 100 mM KCl, 1 mM 2-mercaptoethanol, and 1 mM EDTA.
Methods. Transient kinetics was measured under pseudofirst-order conditions with either enzyme or substrate in large excess (10-fold or more). A Hi-Tech model SF-51 stoppedflow spectrofluorometer, which has a dead time <1 msec, was used. Changes in protein-bound NADH fluorescence and protein fluorescence were monitored using a cut-offfilter that passes light at wavelengths >455 and >320 nm with excitation wavelengths set at 340 and 290 nm, respectively. The rate constants were evaluated using a computer curvefitting method. Both the steady-state kinetics and the equilibrium constant for the binding of NADH were measured using a photon-counting fluorometer (SLM model 8000/ 8000S). In these cases, the emission intensity was monitored at 460 nm with the excitation wavelength set at 340 nm.
Sedimentation equilibrium experiments were performed at 50C using an L2-65 Beckman ultracentrifuge. The samples loaded in 4-mm columns were centrifuged at 4000 rpm for 70 hr (5 [5] where k5 = 0.41 x 108 M-' sec-1 and k6 = 35 sec-1. Fig. 2B shows that kapp for the LDH system is not linear with respect to [NADH] . The simplest mechanism required to explain this kinetic pattern is the two-step mechanism given in Eq. [6] where a = kj(k3 + k4)/(k2 + k3), /3 = k2k4/(k2 + k3), and y = kl/(k2 + k3). The intercept at the y axis gives a value of 125 sec 1 for /3, and computer curve fitting yields k3 + k4 = 1.7 x 103 sec-1 and kl/(k2 + k3) = 5.6 x 10 M-'. Kinetics of NADH Dissociation from Its Complex with GPDH or LDH. The rates of NADH dissociation from its enzyme complexes were measured either by ligand displacement using NAD or ADPR or by enzyme displacement using LDH or GPDH. In all cases, changes in enzyme-NADH concentration were monitored by fluorescence intensity with a stopped-flow apparatus. The time course fits well to an apparent first-order process. As shown in Fig. 3 , the value of kapp decreases as the concentration of the substituting ligand (S) increases. This type of kinetic pattern can be expected when S has a lower affinity than the outgoing ligand (NADH) such that only a portion of the enzyme-bound NADH can be displaced at low concentrations of S, and koff for NADH is limiting. Under these conditions, the time required to reach a new equilibrium state would be almost directly proportional to the amplitude of the displacement reaction. When the data from each series of reactions were fitted to a rectangular hyperbola, the extrapolated NADH off-rates were estimated to be 50 and 187 sec1 for GPDH-NADH and LDH-NADH, respectively.
The off-rates of NADH were also measured by enzyme displacement and the data are shown in Fig. 4 can calculate the expected kinetic pattern for E2 = GPDH (solid squares in Fig. 4) . The calculated curve fits well with the experimental data.
In Search of an Enzyme-Enzyme Complex. The substrate channeling mechanism requires the formation of an enzymecofactor enzyme complex. We used sedimentation-diffusion equilibrium and gel filtration methods to look for such a complex. Both tracer and traditional sedimentation equilibrium techniques (ref. 6; S.L. and A. Minton, unpublished work) were employed for monitoring the distribution of the enzyme species. In the tracer experiments, FITC-labeled LDH at 0.8 mg/ml was used as tracer. This amount was added to one sample containing LDH at 5.1 mg/ml and to a second sample containing LDH at 2.2 mg/ml and GPDH at 2.9 mg/ml. A saturating level of NADH (0.6 mM) was also present in both samples. Analysis of the gradients of the FITC-labeled species in the two samples after centrifugation resulted in the same constant weight-average molecular weight, consistent with the molecular weight of tetrameric LDH (140,000). Thus, GPDH had no effect on sedimentation of the labeled LDH. For the traditional sedimentation equilibrium experiments, three samples were analyzed: A, LDH at 4 mg/ml plus 0.5 mM NADH; B, GPDH at 4 mg/ml plus 0.5 mM NADH; and C, LDH at 4 mg/ml plus GPDH at 4 mg/ml plus 0.5 mM NADH. The absorbance gradient at 340 nm was measured after centrifugation. These values represent the concentration gradient of enzyme-bound (sedimenting) and free (nonsedimenting) NADH. The latter yielded a constant value throughout the sample cell. It was found that the absorbance gradient of sample C was equal to the sum of the gradients of samples A and B plus a constant. In other words, the LDH and the GPDH in sample C formed independent gradients. Both sets of sedimentation equilibrium data gave no evidence for the existence of a LDH-GPDH complex in the presence of a saturating amount of NADH.
For the gel filtration experiment we used porcine heart LDH because this enzyme provides better separation from (3, 4, 8, 9) for substrate channeling in glycolysis rests entirely on lack of fit of experimental data to the free diffusion mechanism. Such small inconsistencies between data and theory can be accounted for by inaccuracy of individual constants, concentration uncertainties, and accumulating errors in sets calculated by these parameters. The problems resulting from the use of such negative evidence can be found in their papers. For example, in their earlier work (2) they reported that NADH is transferred from GPDH to LDH at a rate faster than the rate of dissociation of NADH from the GPDH-NADH complex in the absence of LDH. More recently (3) they reported that after correcting their pH problem, the transfer between the two enzymes was slower than NADH dissociation from the complex in the absence of the second enzyme. In both cases, it was claimed that the inconsistencies provide evidence for substrate channeling. Similar kinds of arguments were also used to interpret their steady-state data.
Our experiments were designed to determine all of the rate constants required to describe enzyme-NADH complex formation for both GPDH and LDH. Using these rate constants, we then analyzed the kinetic patterns for the enzyme displacement data. The kinetic data for NADH binding to GPDH fit well to a one-step reaction mechanism. The value of k6, 35 sec', was obtained from both the y intercept in Fig.  2A 4 . With these rate constants plus k5 and k6, one can compute a curve that fits well to the experimental data (Fig. 4) (Fig. 4) ,M at 10TC, determined from a secondary plot using the data shown in Fig. 5 .
Our observed inhibition by LDH is also confirmed by Srivastava et al. (3) . The difference between our data from these enzyme-buffering experiments and those of Srivastava et al. is that our observed inhibition can be accounted for by the (11) are actually derived by neglecting the autocatalytic effect of NAD produced during the reaction and that the speciesdependent kinetic differences can be accounted for by the amount of NAD copurified with the dehydrogenase used. In view of these uncertainties in interpreting the data from enzyme-buffering experiments, it is somewhat rash to support either channeling or free diffusion while Occam's razor would support diffusion.
In conjunction with the proposed direct transfer ofbisphosphoglycerate between GAPDH and phosphoglycerate kinase (PGK) (11, 12) described above, Kvassman and Pettersson (13) found that the initial rate of PGK-catalyzed bisphosphoglycerate production is not affected by the presence of GAPDH. These results show that the production and release of bisphosphoglycerate from PGK are rapid under the catalytic conditions and that it does not require the presence of GAPDH to facilitate product release by either direct metabolite transfer or otherwise. In addition, the kinetic evidence reported to support direct transfer of glyceraldehyde 3-phosphate between GAPDH and aldolase (14) has been reinvestigated by the transient kinetic method (15) . The results of Kvassman et al. (15) are largely consistent with those reported by Ovadi and Keleti (14) , who showed that the observed Km for oxidative phosphorylation of glyceraldehyde 3-phosphate decreases about 50-fold when the substrate is generated in a coupled reaction system through the action of aldolase on fructose 1,6-bisphosphate. A theoretical analysis that took into consideration the nonenzymic hydration of glyceraldehyde 3-phosphate to form a geminal diol, a nonsubstrate, showed that the kinetic behavior is fully compatible with a free-diffusion mechanism for the transfer of glyceraldehyde 3-phosphate (15) . Although Ovadi (16) argued that under their experimental conditions (14) the rate of GAPDH-catalyzed aldehyde consumption is slower than the nonenzymic aldehyde-diol interconversion, experimentally, the [GAPDH] used by both groups was in the low-micromolar range, where reactions occurred in the millisecond range. Within this time range, the contribution from the nonenzymic interconversion is small and the rate of the GAPDHcatalyzed reaction is governed by the intrinsic Km and not by Km(app) , which is equal to Km(l + kalddiod/kdio-ald).
In essence, our transient kinetic and sedimentation equilibrium data, obtained with LDH and GPDH concentrations in the micromolar range, are consistent with a dissociative mechanism for NADH transfer. Multiple pathway analysis for the observed kinetic patterns also indicates that direct transfer plays no significant role at these concentrations. Our results, together with those from Pettersson's laboratory, show that substrate channeling mechanism is not likely to be operative in the glycolytic pathway, although such mechanisms have been shown to operate in systems where enzymes or enzyme subunits are capable offorming tight multienzyme complexes.
